The latest development of low-power integrated circuits, together with the decrease of their dimensions, has made embedded systems increasingly popular. Wearable electronic devices can be integrated in everyday-use objects, and the emerging technology of wireless sensor networks will lead to a wide range of new applications including environmental monitoring, surveillance or assisted medical care. 1 In order to be energetically autonomous, efficient energy harvesting and on-board energy storage technologies are still critical issues for embedded micro-systems.
Supercapacitors show very interesting characteristics when it comes to these applications, thanks to their extended lifetimes and high power densities. In the past few years, the integration of low profile supercapacitors on a chip have been the subject of intense research and various types of symmetrical micro-supercapacitors, based on aqueous or organic electrolytes, have been realized. [2] [3] [4] [5] [6] Aqueous electrolytes usually give lower internal resistance and higher specific capacitance than organic electrolytes, are environmentally friendly, and can be used with pseudo-capacitive materials. 7 Despite these advantages of aqueous electrolytes, there is a penalty of a restricted operating voltage range, with an upper limit of ca. 1 V because of inevitable water decomposition in such electrolytes -at higher potentials. This upper limit of operating voltage is lower than that of the organic electrolytes which tends to be greater than 2 V.
An interesting way to extend the cell voltage of aqueous electrolyte-based supercapacitors beyond the thermodynamic limit of water splitting is to design an asymmetric device, consisting of two different electrodes having high overpotentials for hydrogen and/or oxygen evolutions. 8 Couples of carbonaceous (activated carbon, graphene, carbon black, carbon nanotubes. . . ) and MnO 2 materials are one of the representatives of these asymmetric systems. Carbonaceous materials with electrochemical double layer capacitances, usually exhibit low resistance, high stability and cathodic polarizations. 9 At the positive electrode, the manganese oxide exhibits a high pseudo-capacitance involving various valence states and can sustain an oxygen evolution overpotential in neutral solutions. 10, 11 These materials have been successfully used to widen the potential window of aqueous electrolytes, in order to obtain high energy and power density supercapacitors. [12] [13] [14] Although numerous asymmetric supercapacitors are reported in the literature, there have been very few reports on asymmetric microdevices. 15 18 Although their CNT/MnO x micro-devices exhibited very good power and energy performances, they were only tested up to 1 V because of unbalanced charge between negative and positive electrodes.
In the present work, we demonstrate the scalable fabrication of a new type of asymmetric planar interdigitated electrochemical microcapacitor, using oxidized multi-walled carbon nanotubes and manganese oxide as the negative and positive electrodes, respectively. The process, based on the inkjet printing technology, followed by an anodic electrodeposition technique, provides an easy way to balance, with very few technological steps, the charge of the cathode and the anode. The resulting micro-devices are able to cycle up to 1.8 V in aqueous Na 2 SO 4 electrolyte.
Experimental
Patterning of the interdigitated current collectors.-Interdigitated patterns of Au current collectors on oxidized silicon wafers were prepared using the lift-off process. An insulating layer of SiO 2 (500 nm) was first thermally grown on the silicon wafer, followed by a spincoating of a negative nLOF photoresist layer. The photoresist was then selectively exposed to UV light and placed in a specific developer solution (MF-CD26 containing 1-5% tetramethylammonium hydroxide in de-ionized water) to remove the unexposed parts, replicating the inverse mask pattern on the photoresist film. The current collector (400 nm Au) was then deposited all over the substrate, using evaporation. Prior to the deposition of the current collector, pre-coating of 100 nm Ti was done to promote the adhesion of the current collector on the substrate. The wafer was then washed by acetone to remove the photoresist and the metal on top of it, leaving only the Ti/Au which was deposited directly on the substrate. The current collectors were then annealed at 250
• C for 20 min in N 2 .
Preparation of the electrodes.-The multiwalled-carbon nanotubes (MWCNTs, Nanostructured & Amorphous Materials, Inc., >97.46%) were oxidized in a 15.5 mol.L −1 HNO 3 aqueous solution at 120
• C and kept under constant stirring for 8 h. 19 The obtained oxidized multiwalled-carbon nanotubes (O-MWCNTs) were then rinsed in water followed by ethanol; and filtered using a 0.2 μm cellulose membrane. A stable suspension of 500 mg.L −1 of O-MWCNTs in de-ionized water was prepared using ultrasonication dispersion for 1 h (−35.7 mV zeta potential for an average particle size of 131.5 nm) 20 and selectively projected onto the interdigitated gold fingers using an AltaDrop equipment from Altatech. For this purpose, a hydrophobic surface functionalization of the inter-finger spacing silicon dioxide was performed by molecular vapor deposition of a selfassembled monolayer of perfluorodecyltrichlorosilane (FDTS) using a SPD (Surface Preparation and Deposition) from MEMSSTAR. The gold was therefore more hydrophilic, i.e. with a higher surface energy, than the surrounding hydrophobic silica surface, allowing thus the deposition of the ink onto the gold electrodes acting as current collectors. The manganese oxide was subsequently electrodeposited onto the other electrode from a 0.25 M MnSO 4 .xH 2 O aqueous solution, by applying a potential of 0.9 V vs. Ag/AgCl as described elsewhere. 21 Characterization methods.-X-ray-diffraction studies were carried out at room temperature using a D8 Discover Bruker (Karlsruhe, Germany) diffractometer with Cu Kα radiation (1.5406 Å). Scanning electron microscopy (SEM) was performed using a Hitachi S-4800 field-emission electron microscope. The surface chemical composition of the O-MWCNTs was determined by XRay Photoelectron Spectroscopy (XPS) using a Thermo Scientific Spectrometer operating with a monochromatic AlKα X-ray source (1486.6 eV). The concentration of the O-MWCNTs in solution was determined using a Thermo Scientific NanoDrop 2000c UV-Vis spectrophotometer.
Electrochemical measurements.-The electrode materials and the asymmetric micro-devices were characterized in de-aerated 0.5 M Na 2 SO 4 electrolyte using a VMP3 potentiostat/galvanostat from Biologic. In the three-electrode configuration, an Ag/AgCl (KCl 3M sat. AgCl) and a twisted platinum wire were used as the reference and counter electrodes, respectively. Electrochemical impedance spectroscopy (EIS) was carried out in the frequency range between 100 kHz to 10 mHz with a 10 mV AC voltage amplitude.
Results and Discussion
The carbon nanotubes cathodes have been deposited by a process based on the inkjet printing technology. In order to have efficient ink-jet printability, good particle-dispersion stability of the ink is necessary. The MWCNTs have been therefore oxidized in nitric acid to obtain hydrophilic carboxylic groups and improve the dispersion of the powder in polar solvents. The XPS analysis of C 1s spectra (Fig. 1a) shows detailed surface functional groups on the carbon nanotubes. A main peak, centered at 284.5 eV and assigned to sp 2 -hybridized carbon atoms, is observed for the pristine MWCNTs. Using this peak as a reference, the C 1s peaks of the oxidized MWCNTs are attributed to C-O bond (286.3 eV) and carboxyl O=C-OH (289 eV). The presence of these peaks indicates the effective HNO 3 acidic treatment to introduce carboxylic groups (−COOH) on the MWCNTs. During the preparation of the suspensions, some sedimentation of O-MWCNTs bundles has been observed. In order to determine the real concentration of the O-MWCNTs in the ink, a series of standard suspensions of oxidized carbon nanotubes in de-ionized water, with very low concentrations (to ensure a total dispersion), has been prepared. For each solution, the absorbance at the wavelength of the strongest absorption (λ max ∼ 300 nm) is measured using UV-visible absorption spectroscopy. The linear dependence of the intensity of the absorbance peak with the concentration of oxidized carbon nanotubes (Fig. 1b) indicates that the Beer's law is obeyed. Using this calibration curve, the concentration of our ink was estimated to be 218 mg.L −1 . This suspension was inkjet-printed on one interdigitated electrode. The thickness of the deposit was not homogeneous and satellite drops were observed on the second electrode (which may lead to a short circuit) (Fig. 1c) . This suspension has been therefore mixed with 5 vol% ethylene glycol, in order to adjust the viscosity for improved flow and ejection properties. As shown in Figure 1d , the small amount of ethylene glycol in the ink enabled a spatially selective deposition of the O-MWCNTs droplets, with a homogeneous thickness of 500 nm after 40 inkjet passages (Fig. 1e) . The total voltammetric charge of this electrode, determined after deposition, is 200 mC.cm −2 .
To ensure a suitable charge balance between the cathode and the anode, the total charge supplied for the MnO x electrodeposition has been varied. As shown in Figure 2a , a linear relationship is observed between the total charge provided for the electrodeposition of MnO x and the voltammetric charge of the obtained films; the discharge capacity of the MnO x electrode can be therefore accurately controlled by the total charge provided for its electrodeposition. Consequently, the MnO x deposition time has been appropriately adjusted to provide 200 mC.cm −2 ; as shown in Figure 2b , the corresponding thickness of MnO x , for such value, is around 600 nm. Figure 2c shows the X-ray diffraction pattern of the electrodeposited MnO x anode. Only the diffraction peaks of the substrate (Au and Si) are observed, indicating an amorphous phase of the MnO x deposit. Figure 3 shows an optical image of the resulting micro-device. The footprint area is 2.2 mm 2 and no short circuit is observed between adjacent interdigitated fingers separated by 100 μm interspace. According to our previous research, such resolution is important to minimize the equivalent series resistance (ESR) of the device. pseudo-rectangular, as expected for a material displaying capacitive behavior. A redox couple at −100/−300 mV vs. Ag/AgCl is also observed; this couple, however, involves the oxidation/reduction of surface functional groups generically represented by:
In an aqueous electrolyte, this redox reaction enhances the total capacitance of the cathode by introducing a pseudo-capacitive contribution to the predominant double-layer capacity of the MWCNTs. Another CV was recorded, with the same conditions, for the MnO x electrode (Fig. 4 : blue curve); and it can be noticed that, the range of the electrochemical window -over which a pseudo-capacitive behavior is observed -is shifted toward more positive potentials (up to +900 mV vs. Ag/AgCl) compared to the O-MWCNTs. These two electrodes have therefore well-separated potential windows and are appropriate to realize an asymmetric device with an extended cell voltage. Cyclic voltammograms performed at 500 mV.s −1 and recorded at different potential windows are shown in Figure 5a for the asymmetric micro-supercapacitor. A rectangular shape is obtained for potential windows inferior to 1.8 V. At 1.9 V, a small oxidation peak is indeed observed due to water decomposition, limiting the cell voltage of the component. The cell capacitance for this micro-device is 2.4 mF.cm −2 at 500 mV.s −1 , which is higher than the value reported in our previous work for inkjet-printing electrochemical double-layer micro-capacitors. 24 The maximal specific energy we can obtain for the micro-device for the 1.8 V potential range is 3.9 mJ.cm −2 . Figure  5b shows the CV behavior of each individual electrode in a threeelectrode setup (vs. Ag/AgCl) when the micro-device is cycled up to 1.8 V. The O-MWCNT interdigitated electrode operates in the range The frequency behavior has been studied by EIS at a bias voltage of 0 V. Figure 6 shows the Nyquist and Bode plots of the asymmetric micro-supercapacitor. From the Nyquist plot (Fig. 6a) , two distinct regions, dependent on the frequency range, can be observed. From the high frequency part, an equivalent series resistance of about 1.2 cm 2 is estimated for the micro-device. In the low frequency region, the spectrum reveals, as expected, a capacitive behavior (increasing of the imaginary part with decreasing frequency) associated with a slight leak current (as can be seen from the phase angle lower than 90
• : Fig. 6b ) probably due to the surface functional groups of the O-MWCNTs. Taking into account the ESR over 1.8 V, the maximum specific power reaches a value of 675 mW.cm −2 , which is a rather high value compared with literature. 25 The combination of the inkjet printing technology with the FDTS treatment, followed by an anodic electrodeposition technique provides therefore an interesting approach to obtain high-resolution interdigitated microsupercapacitors, with very promising performance characteristics.
Conclusions
In the present study, a microstructured asymmetric electrochemical capacitor, based on carbon nanotubes and manganese oxide, was successfully prepared. The process describes an easy, simple and scalable way to integrate the electrode materials on the chip with an accurate charge balancing between the cathode and the anode. A high specific capacitance of about 2.4 mF.cm −2 was obtained for the micro-cell, which was able to cycle up to 1.8 V in an aqueous electrolyte. The specific energy and power density was consequently increased by a factor of 4 compared with a symmetric micro-device operating at 0.9 V. These results are very promising and demonstrate the attractive approach of coupling the inkjet-printing and electrodeposition techniques for the elaboration of integrated micro-supercapacitors on Si substrates to address the need for micro-scale energy storage. We will consider, in future work, the use of a hydrogel as an electrolyte in order to have all-solid-state micro-supercapacitors with improved electrochemical performances and lower leakage current.
